Abstract-In this paper a simple model has been introduced to simulate the propagation of signal in a so called edged microstrip transmission line (EMTL). EMTL is a transmission line in which the signal strip is laid on the edge of the structure (Fig. 1) .
INTRODUCTION
Microstrip transmission lines (MTLs) have received much consideration in the technical literature in the last 40 years. Most of the efforts were dedicated to the analysis and electrical characterization of single or coupled microstrip lines. Recently, the request to fabricate PCB's with more interconnections in a small area has been increased. Therefore the idea of multilayer structures was born.
There are a lot of classical models to analyze simple transmission lines and so parallel coupled multiconductor lines on the same layer or on the different layers [1] [2] [3] [4] [5] . Orthogonal strip lines decrease coupling between lines in two different layers. The problem of crossed lines in time and frequency domain has been considered in [12, 13] . Static analysis of crossed planar multiconductor structure has been examined in [12] using the method of lines. Also, [13] analyzed the coupled strip lines with crossed strips in frequency domain. Also a new model was introduced for two crossed orthogonal coupled strip lines in [6] . This idea was generalized in [7] for the arbitrary number of orthogonal interconnects in arbitrary number of layers.
Some of the transmission lines in PCB lie on the edge of ground plane of PCB. This structure increases radiation from the line and so changes the capacitance and inductance per unit length of the line.
In the present paper first a simple method is introduced to model EMTL as an ideal microstrip line. The effect of the radiation from the edges is modeled as radiation resistance. Then this model is used to simulate the behavior of crossed orthogonal coupled EMTL in three different layers from terminals point of view. We also should note that it is necessary to use lumped elements, in order to simulate cross talk region of orthogonal coupled structures.
Finally S-parameters of optimized equivalent circuit are calculated and compared with those obtained from full wave analysis (HFSS). The results show good agreement up to some GHz.
EQUIVALENT MODEL OF EMTL
As basic and main part of this paper, a microstrip transmission line laid on the edge of ground plane is considered (Fig. 1) . It is obvious that capacitance and inductance per unit length of this microstrip line is different from those of a microstrip in the middle of the structure. When line is not in the middle of ground plane, there is some radiation from edge of the line. From terminals point of view, this radiation can be modeled with a resistance called as radiation resistance.
There are many formulas for capacitance and inductance per unit length of ideal microstrip and strip lines [8] [9] [10] [11] . In the present paper we use following expression for the capacitance of ideal microstrip (C i ) from [11] :
Corresponding to the literature H e is the equivalent substrate thickness, η = 1−εg 1+εg and ε g = √ ε r ε y which in the case ε y = ε r , we have ε g = ε r . Also, C a is the capacitance per meter of a strip above a ground plane with air dielectric. In [10] there are some formulas for components of capacitance per unit length of a microstrip line. the per unit length capacitance of EMTL (C e ) can be obtained as:
C p is the capacitance between two parallel plates and C f is the fringing capacitance.
The capacitance of an ideal microstrip transmission line (C i ), consists of the capacitance coupled between the upper and lower surfaces of the strip and the ground plane. The lower capacitance is the sum of one C p component and two C f components that are coupled between the lower surface of the strip and the ground plane. There is also a small portion of capacitance which is coupled between upper surface of strip and the ground plane shown with
To illustrate the origination of expression 2, we need to demonstrate the two fundamental differences between the capacitance of the ideal microstrip line and that of EMTL. The first difference is a fringing capacitance (C f ) which is directly related to the edged fringing phenomena. The second difference is best demonstrated by dividing the upper surface of strip to three regions. Our assumption to reach expression 2 is that the edged part of upper surface can not couple its capacitance with ground plane. Therefore the terms C f and
must be subtracted from C i . With same strategy, inductance per unit length of ideal microstrip (L i ) can be obtained simply using classical formulas of electromagnetic.
In this formula, c is the velocity of wave in free space. Assuming that µ r = 1, the inductance per unit length of the "ideal line" (L i ) can be used instead of that of the "edged line" (L e ).
In this stage we must attribute a per unit resistance to EMTL simulating the radiation from edge. The main goal of this paper is to model a non-ideal EMTL with an ideal MTL which is usable by such simulator software as HSpice. Therefore assuming that there is no radiation resistance in DC frequency, a skin effect resistance will be obtained by means of which we can minimize the square error between scattering matrix of model and full wave analysis. We simulate this resistance with following formula:
R o is the DC resistance which is zero and R s is the skin effect resistance. In order to obtain a proper mode we need to optimize R s .
What is important here is that, the radiation resistance for a determined value of dielectric constant is just a function of the ratio of strip width (w) to height of the dielectric (h). Fig. 3 shows this resistance for both MTL and EMTL with dielectric constant equal to 4.4 as a function of w/h.
After optimizing values of capacitance and inductance, regardless of the possible radiation resistance, we compare the scattering matrix of this model with the matrix obtained from HFSS simulation. They do not show good agreement, especially for frequencies above 6 GHz. Fig. 4 shows some of these results for different values of w/h ratio. From the figures below it is obvious we still need to reach a better model.
To show advantages of our proposed model, we add radiation resistance (Fig. 3) to that. Now we can compare S-parameters of equivalent model with HFSS simulation. Fig. 5 shows some of these diagrams for different values of w/h ratio. We tested our model from terminals point of view, and we used several terminal ports (various ohmic resistances) for any EMTL to show the radiation resistance is independent from terminal port. 
THREE LAYERS STRUCTURE OF EMTL
This is a common technique to use ground planes between layers of a multilayer PCB in order to decrease the coupling. A good alternative is orthogonal coupled microstrip lines. This structure is amongst the most widely used structures in microwave devices, especially in PCB's. Orthogonal coupled microstrip line is discussed in [6, 7] and an accurate model is also introduced. This structure is discussed in [6, 7] and an accurate model is also introduced. Now we can develop this idea to recommend a model for edged orthogonal coupled microstrip line shown in Fig. 6 . in this figure, w = 1.6 mm, h = 0.615 mm and the length of lines is 10 mm with terminal ports of 50 Ω. The dielectric constant is equal to 4.4. For these two transmission lines, the resistance introduced before, is obtained from Fig. 3 .
When two lines cross each other (cross talk region), this region can be modeled with lumped elements, based on [6, 7] . Fig. 7 shows a simple scheme of this model. C 12 represents coupling between lines and the effect of cross talk region length is shown with four inductances. C g represents the capacitance between lower line and ground plane. Values of these elements are obtained with following formulas. Fig. 8 the difference observed between our proposed model and the full wave analysis (for some S-parameters below 10 dB) is due to round off error. Since these values are considerably small, our model will still show good agreement with full wave analysis.
CONCLUSION
In this paper a simple model is presented to analyze the microstrip line laid on the edge of ground plane. This structure is modeled with an ideal line to which a per unit length radiation resistance is added.
We optimize the parameters of EMTL in order to minimize the square error between scattering matrix of model and HFSS analysis. Optimized values of capacitance and inductance are in a very good agreement with those values obtained from analytical formulas. Fig. 5 shows that our model can be used instead of EMTL. Fig. 3 shows that the radiation resistance of proposed model is nearly linear, versus w/h ratio.
This model can be used to model more complicated structures like crossed orthogonal coupled EMTL. Cross talk region in this structure is modeled with some lumped elements. We showed that our proposed model can be used to design multilayer microstrip lines with a good accuracy.
